Introduction
============

Perinatal asphyxia is one of the major causes of neonatal morbidity and mortality. The incidence of perinatal asphyxia ranges from 1 to 8 per 1000 live births in the US ([@B01]); however, no national data are currently available in China. During the early stage of life, the brain is particularly vulnerable to hypoxic-ischemic (HI) insults and the outcome varies from mild behavioral dysfunctions to severe mental retardation and motor disturbances. Mild exposure to hypoxia in the early stage of brain development results in subtle behavioral abnormalities, including attention deficit combined with anxiety, in spite of the lack of detectable brain damage in adult life ([@B02],[@B03]). Early brain damage can influence development by changing the expression of genetic traits that interact with other characteristics of children. On this basis, an early hypoxic event resulting in neurological dysfunction can influence development directly and indirectly, leading to different developmental pathways in children.

Perinatal HI-induced behavioral disturbances have been grouped into two categories, hyperactivity and learning/memory deficits ([@B04]). Evidence has shown that locomotor activity disorders are associated with an abnormal level of dopamine content in the rat brain with simultaneous substantia nigra (SN) injury ([@B05]). Anxiety-like behavior is associated with the levels of dopamine and its metabolites in the mouse brain following ischemia ([@B06]). Dopamine is regulated by the activity of tyrosine hydroxylase (TH) and the expression of TH reflects the function of dopaminergic neurons ([@B07]). Damage to dopaminergic neurons can be visualized directly by TH immunohistochemistry and measured by the level of TH protein expression ([@B08]).

Neonatal HI encephalopathy is brain damage caused by the combination of hypoxia and ischemia, and it is mostly attributed to perinatal asphyxia ([@B09]). It has been shown that less anxiety-like behavior is observed in animals subjected to HI ([@B10]). Current animal studies regarding ischemia or hypoxia are complex, and even conflicting findings of anxiety-like behaviors are obtained. It was reported that increased anxiety ([@B11]) or no changes in anxiety ([@B12]) was found in animals subjected to global ischemia, and increased anxiety ([@B02]) or no changes in anxiety ([@B13]) has been found after cerebral hypoxia ([@B14], [@B15]).

Clinical studies have reported an elevated rate of anxiety in children with mild and moderate neonatal encephalopathy (NE) following perinatal asphyxia ([@B16]). Furthermore, more problems were found to be related to anxiety at school age in a mixed group of children with NE compared to a control group ([@B17]), indicating that the perinatal asphyxia insult indeed has a developmental impact that lasts at least until middle school age. Clinical data have shown that behavior impairment was more often present in children with moderate to severe NE, but not in children with mild NE following asphyxia ([@B18]). Therefore, it is necessary to clarify the effect of the severity of HI on anxiety and related mechanisms.

In the present study, we used a Rice-Vannucci HIBD rat model ([@B19]) with different hypoxic exposure to determine whether a mild or severe HI insult caused different anxiety-like behaviors, and whether the change of behavior was related to TH activity in the SN.

Material and Methods
====================

Animal preparation
------------------

All animal procedures were approved by the Animal Ethics Committee of Central South University. Sprague-Dawley (SD) rats on postnatal day 7 (P7; both genders, body weight 11-16 g) were randomly divided into normal control, severe HI, and mild HI groups. In the HI groups, pups were lightly anesthetized with isoflurane (4% induction, 1.5% maintenance). The Rice-Vannucci method was used to induce HI brain damage ([@B19]). Ligation of the right common carotid artery was performed under a surgical microscope. After the wound was sutured, animals were placed on a warm heating pad (34°C) for recovery from anesthesia for 30 min. In the mild and severe HI groups, animals were exposed to hypoxia (8% O~2~/92% N~2~) for 90 and 150 min ([@B20]), respectively.

Elevated plus-maze (EPM) test
-----------------------------

The EPM test was performed on P14, P21, and P28 (N = 10 in each group at each time). The EPM test is widely used to observe the behaviors, which are relevant for understanding anxiety in animal studies ([@B21],[@B22]). The EPM apparatus consists of two open arms (50 × 10 × 1 cm) and two enclosed arms (50 × 10 × 40 cm) originating from a common central platform (10 × 10 cm) to form a plus shape. The entire apparatus was elevated to a height of 50 cm above the floor. A video camera and illumination lamps were mounted on the ceiling. The anxiety-related behaviors of each animal were recorded for a period of 5 min by a VCR-recording system on P19. At the beginning of the test, the rat was placed on the central platform with its head facing an open arm. The arm entry was defined as all four paws into an open or closed arm. The total time each animal spent in various sections of the maze (open arms, center, or enclosed arms) was recorded. The results are reported as open arm time (OAT), percent of OAT (OAT%, time spent in open arms divided by the sum of time spent in both closed and open arms).

TH immunohistochemistry (IHC)
-----------------------------

At P14, P21 and P28 (N = 10 in each group at each time), rat pups were anesthetized with 4% isoflurane and sacrificed by transcardial perfusion with physiological saline followed by 4% paraformaldehyde. After being cryoprotected with 30% sucrose in phosphate-buffered solution (PBS), pH 7.4, the brain was cryosectioned into 10-µm thick coronal sections and collected onto Chrome-Album-coated slides and air-dried. The coronal sections of the midbrain were cut at a level 1/3 rostrally from the lambda to the bregma. The sections were incubated with monoclonal mouse anti-rat antibody to TH (1:200, Chemicon, USA) at 4°C overnight, washed in PBS, and then incubated with biotinylated goat anti-mouse secondary antibody (1:400, Vector, USA) at room temperature for 2 h, followed by incubation by the avidin-biotin complex method (ABC elite kit, Vector, USA). Finally, the sections were visualized with 3,3V-diaminoben-zidine tetrachloride (DAB, Sigma, USA). A Nikon Eclipse 80i microscope was used for observation, and a Nikon DS digital camera equipped with the NIS-Elements AR Version 3.0 software was used to photograph and study the images. The data are reported as percent of TH-positive cells occupying the area in the SN, which was calculated as positive-staining area divided by the total area of the section. The result was the average of the three sections in each brain. We took the first section in every 3 consecutive sections with an interval of 30 µm.

Statistical analysis
--------------------

The SPSS 16.0 software was used to analyze the data (supplied by Department of Medical Statistics, Institute of Public Health, Central South University, China). To avoid bias, all histological and behavioral analyses were carried out by an operator who did not know from which hypoxia treatment group the tissue or video was obtained. Data are reported as means ± SD and were analyzed by one-way ANOVA followed by the Student-Newman-Keuls test. Results with a P \< 0.05 were considered to be statistically significant. Pearson correlation analysis was used to study the correlation between the change of OAT in the EPM and the percent of TH-positive cells in IHC.

Results
=======

Mild and severe HI significantly increased OAT and OAT% detected by the EPM test
--------------------------------------------------------------------------------

The EPM test was used to assess the level of anxiety. It is known that a longer OAT and a higher OAT% indicate a lower level of anxiety ([@B23]). In the present study, longer OAT and higher OAT% ([Table 1](#t01){ref-type="table"}) were observed in both the mild and severe HI groups compared to the normal control group at all times examined. We found that time spent in the open arms by rats in the mild HI group was significantly increased by 1.88-, 1.99-, and 2.04-fold (P \< 0.05), OAT% was also increased by 1.94-, 1.51-, and 1.46-fold (P \< 0.05), when compared to control at P14, P21, and P28. Similarly, in the severe HI group, OAT was significantly increased by 1.69-, 1.68-, and 1.87-fold (P \< 0.05), and OAT% was significantly increased by 1.83-, 1.43-, and 1.39-fold (P \< 0.05). Although both OAT and OAT% were slightly increased in the mild HI group compared to the severe HI group at all times examined, statistical analysis demonstrated no significant difference between these two groups (P \> 0.05).

Table 1Effect of hypoxia-ischemia (HI) on anxiety-like behavior measured by the elevated plus-maze test.OAT (s)OAT%P14P21P28P14P21P28Control28.33 ± 9.2148.33 ± 33.5345.27 ± 22.2221.63 ± 10.6131.50 ± 9.2032.06 ± 16.74Severe HI48.00 ± 10.00[\*](#TFN02t01){ref-type="table-fn"}81.33 ± 10.51[\*](#TFN02t01){ref-type="table-fn"}84.97 ± 13.99[\*](#TFN02t01){ref-type="table-fn"}39.66 ± 12.69[\*](#TFN02t01){ref-type="table-fn"}45.17 ± 7.61[\*](#TFN02t01){ref-type="table-fn"}44.75 ± 17.04[\*](#TFN02t01){ref-type="table-fn"}Mild HI53.33 ± 11.04[\*](#TFN02t01){ref-type="table-fn"}96.33 ± 25.31[\*](#TFN02t01){ref-type="table-fn"}92.33 ± 12.44[\*](#TFN02t01){ref-type="table-fn"}42.07 ± 13.69[\*](#TFN02t01){ref-type="table-fn"}47.67 ± 8.96[\*](#TFN02t01){ref-type="table-fn"}46.81 ± 11.42[\*](#TFN02t01){ref-type="table-fn"}[^1][^2]

HI induced down-regulation of TH expression
-------------------------------------------

TH immunohistochemistry has been used to detect the damage to dopaminergic neurons ([@B08]), which is found to be associated with anxiety-like behavior ([@B06]). To examine whether HI induced a change in TH expression, we determined its expression in the SN after HI at different postnatal times. An abundant number of TH-positive cells in the SN were found in the normal control group, while the number was significantly decreased in both the mild and severe HI groups ([Figure 1](#f01){ref-type="fig"}). This change can also be observed under a higher magnification microscope ([Figure 2](#f02){ref-type="fig"}), in which the positive staining was mainly distributed in the cytoplasm. TH-positive cells were morphologically normal with an intact cell membrane and normal nuclei. Based on their morphology, these cells were neurons. The percent of TH-positive cells occupying the area in the SN in the mild HI group was markedly decreased by 17.7, 40.2, and 47.2% (P \< 0.05), respectively, when compared to control at P14, P21, and P28. Similarly, in the severe HI group, the percent was also decreased by 16.3, 32.2, and 43.8%, respectively (P \< 0.05). There was no significant difference (P \> 0.05) between the mild and severe HI groups ([Table 2](#t02){ref-type="table"}).

Figure 1Immunohistochemical staining of tyrosine hydroxylase (TH) in the substantia nigra (SN) of rats subjected to hypoxia-ischemia (HI) on postnatal day (P) 7 at P14, P21, P28 (N = 10). There were abundant TH-positive cells (brown color) in the SN of the normal control group at all times (*A*, *D*, *G*). The number and intensity of TH-positive cells significantly decreased in both severe (*B*, *E*, *H*) and mild (*C*, *F*, *I*) HI groups. Magnification: 100X.

Figure 2Higher magnification of the immunohistochemical TH staining in [Figure 1](#f01){ref-type="fig"}. The rats were subjected to hypoxia-ischemia (HI) on postnatal day (P) 7 and data are reported for P14, P21, and P28 (N = 10). The number of TH-positive cells in the normal control group at all times (*A*, *D*, *G*) was higher than that in both the severe (*B*, *E*, *H*) and mild (*C*, *F*, *I*) HI groups. TH-positive cells were morphologically normal neurons with positive cytoplasm staining (brown color). Magnification: 400X. TH = tyrosine hydroxylase; SN = substantia nigra.

Table 2Percent of tyrosine hydroxylase-positive cells occupying the area of the substantia nigra after hypoxia-ischemia (HI) was applied on day P7.P14P21P28Normal4.58 ± 1.035.69 ± 1.405.78 ± 1.68Severe HI3.83 ± 0.82[\*](#TFN02t01){ref-type="table-fn"}3.86 ± 0.62[\*](#TFN02t01){ref-type="table-fn"}3.25 ± 1.02[\*](#TFN02t01){ref-type="table-fn"}Mild HI3.77 ± 0.91[\*](#TFN02t01){ref-type="table-fn"}3.40 ± 0.95[\*](#TFN02t01){ref-type="table-fn"}3.05 ± 0.84[\*](#TFN02t01){ref-type="table-fn"}[^3][^4]

Correlation between the change of OAT and percent TH expression
---------------------------------------------------------------

To examine whether a correlation existed between the change of OAT and TH expression in IHC, Pearson correlation analysis was performed. The results showed that the coefficient index of the change of OAT in the EPM test and the percent of the area occupied by TH-positive cells in IHC was *r* = 0.991 (P = 0.000) in the mild HI group and *r* = 0.974 (P = 0.000) in the severe HI group, indicating that the down-regulation of TH expression was associated with the decreased anxiety-like behaviors.

Discussion
==========

The major findings of the present study were that both mild and severe HI insults during the neonatal period result in a decreased anxiety-like behavior during the juvenile period in SD rats. The decrease of the number of TH-positive cells in the SN and of the level of protein expression were associated with the decreased anxiety-like behaviors. However, neither the impairment of anxiety nor the expression of TH were dependent on the severity of HI. These findings provide further information on the mechanism underlying hypoxic-ischemic brain injury and the anxiety-like behavior abnormality caused by perinatal HI.

The majority of studies concerning perinatal asphyxia focus on the detection of major developmental abnormalities at a very young age ([@B24]) or biopathophysiological changes within several days after birth ([@B25],[@B26]), while behavioral changes such as anxiety during the juvenile period are one of the important focuses in long-term neurological outcomes after perinatal HI insult ([@B27]). The present study was novel because it targeted the effect of a neonatal HI insult on anxiety during the period from 1 week after the HI insult to 3 weeks after HI, a time that corresponds to the human juvenile period. For SD rats, P28 is the weaning time when male and female rats mate with each other. P21 has been used as a time point for studying the neurobehavioral performance of juvenile SD rats ([@B14],[@B28]). In addition, findings for a series of times in this study (P14, P21, and P28) were considered to be the dynamic changes during the juvenile period.

Knyazev et al. ([@B29]) wrote that "anxiety is seen as being most often generated by concurrent and equivalent activation of fear (or frustration) and reward systems. Therefore, anxiety should be most evident in a situation of uncertainty when chances of winning and losing are about equal. If uncertainty disappears, anxiety should give way to satisfaction or joy (if winning) or some negative emotions ranging from sadness to fear". Exposure to novelty has been shown to induce anxiety responses in a variety of behavioral paradigms. Most current models of anxiety consist of exposure of animals to novelty in an anxiogenic environment ([@B30]). EPM is a widely used animal test of anxiety based on the curiosity of rats and their familiarization with the environment induced by previous experiences in the EPM, which could lead to a reduction in the approach/avoidance of conflict ([@B31]). Results from the present EPM test showed that the HI insult increased the number of OAT and OAT%. The behaviors measured are relevant for understanding anxiety. A reduction in HI-induced anxiety-like behavior has also been reported in other animal models of perinatal asphyxia ([@B14], [@B15]). In the present study, there was no significant difference in OAT or OAT% between the mild and severe HI groups, indicating the possibility that the duration of hypoxic exposure or the severity of the HI insult might not contribute the most to the impairment of anxiety-like performance. On the other hand, Fan et al. ([@B28]) reported that neonatal HI resulted in not only persistent white matter injury, but also in a higher proportion of open arm entry in the EPM test. In addition, they found that both brain damage and behavioral impairment were dependent on the duration of hypoxic exposure. The possible explanations for the differences are: 1) P4 rat pups were used in Fan\'s study, whereas P7 rat pups were used in the present study, and 2) the HI insult was induced by bilateral carotid artery occlusion followed by exposure to hypoxia in Fan\'s study, whereas the HI insult was induced by unilateral ligation of the common carotid artery followed by exposure to hypoxia in the present study.

Basal ganglia injury is common in hypoxic-ischemic brain damage (HIBD). Clinical autopsy data have proven that up to 43% of HI exposed neonates have basal ganglia injury ([@B32]). It has been reported that behavioral problems are associated with an abnormal level of dopamine content in the rat brain concomitant with SN injury ([@B05]). It is well known that dopamine is one of the cholinergic neurotransmitters regulated by TH. In the present study, in both the mild and severe HI groups, the expression of TH in the SN was reduced from P14 to P28, indicating a persistent damage of dopaminergic neurons after HI. This finding was consistent with previous studies showing that HI significantly reduced the number of TH-positive cells in SD rats on P21 ([@B28]) and in Wistar rats on P9 ([@B33]) after a neonatal HI insult, and this reduction during the neonatal period was reported to result in a decreased adult number of SN neurons ([@B34]). Moreover, in the present study, Pearson correlation analysis indicated that the down-regulation of TH expression was associated with the decreased anxiety-like behaviors. The expression of TH represents the function of dopaminergic neurons, and it has been commonly used to study dopamine-related neuro-degenerative diseases such as Parkinson disease ([@B07]). The altered TH activity in the SN of juvenile rats in the current study may be part of the neural mechanisms contributing to the reduced anxiety-like behavior induced by neonatal HI. However, the present study showed neither any time-dependent change of TH activity during the juvenile period of SD rat, nor any difference in the change of TH activity between the mild and severe HI groups. This is inconsistent with the findings reported by Burke et al. ([@B34]), who showed that both the reduction in the number of TH-positive neurons in the SN and the extent of hyperactivity in the juvenile rat (P21) following HI depended on hypoxia duration. One of the possible explanations is that the duration of hypoxia differed between the present study and the Burke et al. study ([@B34]). The HI model in the Burke et al. study consisted of applying unilateral carotid ligation followed by 3- to 4-h exposure to 8% O~2~ to P7 rats, while the HI model in the present study consisted of applying unilateral carotid ligation followed by 90- (1.5 h) or 150-min (2.5 h) exposure to 8% O~2~ in P7 rats. Further studies are needed to clarify whether more precise control of the duration of hypoxia would affect the changes of TH-positive neurons in the SN and the hyperactivity in the juvenile rat after HI.
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[^1]: Data are reported as means ± SD for N = 10 Sprague-Dawley rats in each group at postnatal days (P) 14, 21, and 28. OAT = open arm time.

[^2]: P \< 0.05 for the severe or mild HI group compared to control (one-way ANOVA followed by the Student-Newman-Keuls test).

[^3]: Data are reported as means ± SD for N = 10 Sprague-Dawley rats in each group at postnatal days (P) 14, 21, and 28.

[^4]: P \< 0.05 for the severe or mild HI group compared to control (one-way ANOVA followed by the Student-Newman-Keuls test).
